Iron-based superconductors ([@R1]) are promising for high *J*~C~ applications ([@R2]) because of a nexus of several materials characteristics ([@R3]). First, the maximum critical field *H*~C2~ is very high at low temperatures ([@R4], [@R5]), the compounds also exhibit rather isotropic superconductivity. Second, as in the cuprates ([@R6]), *J*~C~ can be strongly enhanced by high-energy ion irradiation ([@R2], [@R7]). Finally, the irradiation leaves *T*~C~ virtually unchanged to a degree unknown in cuprate high-temperature superconductors. Therefore, if engineered control of *J*~C~ could be achieved under these circumstances, these materials could be very favorable for high-current/high-field applications. The theoretical understanding necessary for such materials engineering requires specific atomic-scale knowledge, including the structure of ion-induced columnar defects, along with their local influence on the superconductivity. For example, detailed knowledge of a columnar defect's internal conductivity and of its size with respect to the superconducting coherence length is required to quantitatively predict its interaction with a vortex core ([@R8], [@R9]). Imaging of high-energy ion-induced columnar defects has been achieved using transmission electron microscopy ([@R6], [@R10]--[@R14]), and visualization of irradiation-induced disordered vortex configurations ([@R15], [@R16]) has been achieved by scanning tunneling microscopy (STM). However, to our knowledge, simultaneous atomic-scale visualization of the effects of high-energy ions on the crystal, the resulting impact on the superconductivity, and the consequent responses of the pinned vortex configurations have not been achieved for any type of superconductor.

To initiate such studies, we chose FeSe~*x*~Te~1−*x*~ ([@R17]). In bulk single crystal form, its transition temperature can reach up to \~15 K with *H*~C2~ at tens of tesla ([@R18]); in thin films, critical fields are enhanced and *T*~C~ \~100 K has been reported for unit-cell-thick monolayers of FeSe ([@R19]). Here, we use a ^3^He-refrigerator--based spectroscopic imaging scanning tunneling microscope (SI-STM) ([@R20]) into which the FeSe~*x*~Te~1−*x*~ samples are inserted and cleaved in a cryogenic ultrahigh vacuum at *T* \<20 K. This technique consists of making atomically resolved and registered images of the surface topography *T*(**r**) simultaneously with tip-sample differential tunneling conductance images *g*(**r**,*E* = *eV*) ≡ d*I*/d*V*(**r**,*E* = *eV*) measured as a function of both location **r** and electron energy *E*. [Figure 1A](#F1){ref-type="fig"} shows a typical *T*(**r**) of the TeSe termination layer with individual Te/Se atomic sites clearly visible ([@R21], [@R22]). In the superconducting phase at *T* = 0.25 K, our measured *g*(**r**,*E*) spectra are then fully gapped with clear superconducting coherence peaks ([@R23]) (arrows, [Fig. 1B](#F1){ref-type="fig"}) and a spatially homogeneous superconducting energy gap Δ ([Fig. 1B](#F1){ref-type="fig"}). Upon application of the magnetic field, the Abrikosov vortex lattice is observed in the zero-bias conductance images, as shown in [Fig. 1C](#F1){ref-type="fig"}. The autocorrelation function, depicted in [Fig. 1D](#F1){ref-type="fig"}, exhibits a hexagonal pattern, pointing to a real space vortex lattice that remains overall hexagonally ordered.

![Visualizing superconductivity in pristine Fe(Se,Te).\
(**A**) Large, atomically resolved constant current topograph *T*(**r**) of FeSe~0.45~Te~0.55~. The inset shows an enlargement of the atomic lattice using the same color scale. (**B**) Differential conduction spectra at 270 mK taken along a line just outside the FOV shown in (A): all spectra are fully gapped with clear coherence peaks (indicated by arrows). The multitude of peaks outside the gap reflects the multiband nature of the system. (**C**) Vortex lattice of pristine Fe(Se,Te). The lattice is predominantly hexagonal with only minor distortions because of native pinning of vortices. The inset shows the FOV average spectrum away from vortices (dashed) and a typical spectrum taken at the core of a vortex (red) at 270 mK. (**D**) Autocorrelation of (C) exemplifying the predominance of the hexagonal vortex structure.](1500033-F1){#F1}

Single crystals of FeSe~0.45~Te~0.55~ from the same batch as in [Fig. 1](#F1){ref-type="fig"} were then irradiated with 249-MeV Au ions using a fluence of 1.93 × 10^15^ m^−2^ so that the "dose equivalent field" is *B*~ϕ~ = 4 T (this is the field ideally corresponding to a fluxon per incident ion). However, few-hundreds-MeV heavy ions in metallic Fe-based superconductors create defect tracks that are expected to be discontinuous; thus, the actual columnar defect density in a given crystal layer may be lower than the fluence ([@R12]). [Figure 2A](#F2){ref-type="fig"} shows a high-resolution *T*(**r**) typical of the irradiated FeSe~*x*~Te~1−*x*~ crystals, in which two striking new features are apparent. The first consists of large (radius \~1.5 nm) amorphous regions (for example, red circles in [Fig. 2A](#F2){ref-type="fig"}) with a surface coverage equivalent to a matching magnetic field of about 2 T in this field of view (FOV). The second type of feature occurs in larger numbers and consists of an atomic-scale point defect (for example, blue circles) centered in between Se/Te sites, thus, at the Fe site in the layer below the surface. These are reminiscent of excess iron atoms observed in other studies ([@R21], [@R24]). Because we never see such excess Fe atoms on multiple pristine samples from the same growth batch, we speculate that the heavy ion irradiation has displaced Fe atoms into these sites. The matrix in which these two ion-induced defect types are detected in exhibits an unperturbed FeSe~0.45~Te~0.55~ termination layer morphology (inset, [Fig. 2A](#F2){ref-type="fig"}). See section II of the Supplementary Materials for additional, more detailed studies of these two types of ion-induced crystal defect.

![Impact on Fe(Se,Te) superconductivity of heavy ion irradiation.\
(**A**) High-resolution *T*(**r**) of heavy ion--irradiated FeSe~0.45~Te~0.55~. As for the pristine sample, the predominant feature is the binary Se/Te surface appearance (inset). Red and blue circles indicate the columnar and point defects that are both only observed after irradiation. Depending on the FOV, the observed damage track density during our SI-STM studies varies between 2- and 4-T effective dose. This may be because the columnar defect tracks are discontinuous or because the distribution is sufficiently heterogeneous that the FOV may not be large enough for an accurate statistical count. (**B**) Average differential conduction spectrum at 1.2 K of columnar defects in (A): the superconducting signature in the tunnel spectrum is completely suppressed. (**C**) Average differential conduction spectrum at 1.2 K of point defects in (A): the superconducting signature in the tunnel spectrum shows significant reduction. (**D**) *F*(**r**) as defined in the text for the same FOV as depicted in (A): note the excellent correlation between suppressed superconductivity and position of columnar and clusters of point defects, marked by red and blue dashed circles, respectively.](1500033-F2){#F2}

Atomic-scale imaging reveals that columnar defects exhibit an amorphous crystal structure in a region with a diameter of about 3 nm. For each, the impact on superconductivity is its annihilation, as shown in [Fig. 2B](#F2){ref-type="fig"}, which compares the average *g*(*E*) spectrum (gray) to that at the center of ion-induced columnar defects (red). These data directly demonstrate that the columnar defect cores of Fe(Se,Te) are metallic. By contrast, the signature of superconductivity in each point defect spectrum (blue, [Fig. 2C](#F2){ref-type="fig"}) is significantly suppressed relative to the average *g*(*E*) spectrum (gray, [Fig. 2C](#F2){ref-type="fig"}), meaning that these regions should individually provide weaker pinning sites. A discussion of the properties of the defects far beyond the energy scale of superconductivity is available in the Supplementary Materials. From a global perspective, the effects on the superconductivity of the high-energy ion irradiation are both profound and somewhat unexpected. Specifically, the *g*(**r**,*E*) images measured on irradiated samples are no longer characterized by a homogeneous, full superconducting gap, but show a strong spatial variation with a finite differential conductance at zero bias everywhere. To illustrate the effects on the superconductivity in the FOV of [Fig. 2A](#F2){ref-type="fig"}, we define the normalized function$$\mathit{F}(\mathbf{r}) = \frac{\mathit{g}(\mathbf{r},\Delta) - \mathit{g}(\mathbf{r},0)}{\overline{\mathit{g}(\mathbf{r})}}$$as a measure of the strength of the spectral signature of superconductivity. Here, *g*(**r**, Δ) is the sum of *g*(**r**, *E*) over the energy region of coherence peaks Δ \~ (±1.5 ≤ *E* ≤ ± 2.5 meV), *g*(**r**, 0) is the sum of *g*(**r**, *E*) over the energy window centered on zero (−0.5 ≤ *E* ≤ 0.5 meV), whereas the average in the denominator runs over *E* = ±5 meV. Then, for *F* \> 1, the superconducting peak-to-dip difference is at least as large as the approximate normal-state absolute conductance; hence, there is a well-defined superconducting spectral signature. For *F* \< 0.2, the superconducting signature is on the order of, or smaller than, the noise level, meaning that superconductivity is completely suppressed. The *F*(**r**) image measured in the FOV of [Fig. 2A](#F2){ref-type="fig"} is shown in [Fig. 2D](#F2){ref-type="fig"} and reveals the atomic-scale spatial arrangements of damage to the superconductivity as a result of heavy ion irradiation in Fe(Se,Te) (see section III of the Supplementary Materials for comparison with the identical analysis of the pristine sample). Less than 50% of this (and all equivalent) FOV is weakly affected by irradiation (dark blue). The three columnar defects each exhibit complete suppression of the superconductivity but only within a radius of about 1.5 nm so that, in themselves, they could not affect the overall superconductivity to the degree observed. It is the combined effect of the more than 20-point defects that dominate, especially when several are clustered within a mutual radius of \~3 nm with a resulting strong suppression of superconductivity. Additional analysis on the relationship between point defect position and order parameter suppression is provided in the Supplementary Materials. The further remarkable thing about this situation is that *T*~C~ is barely suppressed (by less than 1 K) and *J*~C~ is strongly enhanced (see section I of the Supplementary Materials). The objective is to understand the microscopics of vortex pinning by this complex superconducting landscape.

The field dependence of the vortex distribution process in irradiated Fe(Se,Te) is next determined. In an identical FOV, we measure a series of *T* = 0.25 K electronic structure images g(**r**, *E*, *B*), where *B* is the magnitude of the magnetic field applied perpendicular to the crystal surface. The classic signature of a vortex core when observed by measuring *g*(**r**,*E*) is the suppression of coherence peaks surrounding *E* \~ ± Δ and the increase in zero-bias conductance surrounding *E* \~0. A reasonable and practical way to detect vortices is to image the function
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which combines spectral weight from both primary phenomena near the core. Surprisingly, however, as exemplified in [Fig. 3](#F3){ref-type="fig"}, the signature of vortices in the presence of columnar defects is not of this simple form. For fields up to about 2 T for this FOV, we hardly see this classic signature of the vortex cores being introduced at all. Instead, the most common observation is that a circular "halo" is detected in *S*(**r**) surrounding columnar defects identified from the local crystal damage in *T*(**r**). [Figure 3A](#F3){ref-type="fig"} shows a small FOV with about seven columnar defects, whereas [Fig. 3B](#F3){ref-type="fig"} shows high-resolution *S*(**r**) measured at *B* = 2 T. A vortex is (collectively) pinned within the red box in both figures, which does not contain a columnar defect, and its signature in *S*(**r**) is as expected. However, the vortex pinned at a columnar defect shown with the yellow box in both images has a very distinct signature consisting of a halo in *S*(**r**) surrounding the columnar defect; this vortex halo signature is found at many columnar defects whose average topographic signature is shown in [Fig. 3D](#F3){ref-type="fig"} and whose average *S*(**r**) is shown in [Fig. 3C](#F3){ref-type="fig"}. A comparison between halo signature and observable vortices is presented in the Supplementary Materials. The concept is that the halo is the signature of a pinned fluxon, but one where the conventional vortex core spectrum cannot be detected as the fluxon resides on a location of suppressed superconductivity at zero magnetic field.

![Vortex halo surrounding columnar defects.\
(**A**) Constant current image *T*(**r**): the red and yellow rectangles mark the position of vortices shown in (B). (**B**) *S*(**r**) at 2 T of same FOV as in (A): the red rectangle marks a vortex that is far away from columnar defects, whereas the yellow rectangle encircles the halo of a vortex pinned to the columnar defect marked by the yellow rectangle in (A). (**C**) Average *S*(**r**) of all columnar defects in (A): note the vortex halo surrounding a dark core because of the strong pinning of vortices to columnar defects at low fields. (**D**) Average *T*(**r**) of all columnar defects in (A): the average columnar defect position agrees very well with the location of the pinning center deduced from the average vortex halo shown in (C).](1500033-F3){#F3}

Once the applied field exceeds about 2 T for this FOV, the additional vortex core locations become more easily observable, exhibiting a reasonable example of the classic signature. In terms of *S*(***r***), this is expected to be a bright circularly symmetric region of high \|S\| and of radius near one coherence length, which is what is observed. Under these circumstances, the field dependence of the configuration of vortex core locations can be directly determined. [Figure 4A](#F4){ref-type="fig"} shows a typical FOV for such B dependence studies, with [Fig. 4B](#F4){ref-type="fig"} showing the ion-induced damage to the superconductivity as determined by measuring *F*(**r**) simultaneously with [Fig. 4A](#F4){ref-type="fig"}. The evolution of vortex locations with field is directly revealed in the measured *S*(**r,***B*) images as shown in [Fig. 4](#F4){ref-type="fig"} (C to H). Below the damage equivalent field of 2 T, the vortices are rarely detectable as a circular region in *S*(**r**) as explained above ([Fig. 3](#F3){ref-type="fig"}). [Figure 4I](#F4){ref-type="fig"} shows the normalized cross-correlation of *F*(**r**) with *S*(**r,***B*) in red, revealing that although there is little relation below 2 T, a strong positive correlation appears between regions of superconductivity \[high *F*(**r**)\] and the vortex signature *S*(**r,***B*) at higher fields. The related anti-correlation at high fields of the topograph *T*(**r**) ([Fig. 4A](#F4){ref-type="fig"}) and *S*(**r,***B*) is shown in blue and occurs because the regions of unperturbed superconductivity occur where little damage is detected in *T*(**r**).

![Evolution of vortex configurations with magnetic field.\
(**A**) Constant current image *T*(**r**) of same FOV studied in (B) to (H). (**B**) *F*(**r**) of same FOV as in (A). (**C** to **H**) *S*(**r**,*B*) for *B* = 0.5, 1, 2, 3, 4, and 6 T, respectively. (**I**) Normalized cross-correlation between *S*(**r**) and *T*(**r**) (blue), and *S*(**r**) and *F*(**r**) (red), as a function of field.](1500033-F4){#F4}

The interplay between ion-induced crystal damage, the heterogeneous superconductivity, and pinning of vortices revealed by these studies can be summarized as in [Fig. 5](#F5){ref-type="fig"}. [Figure 5A](#F5){ref-type="fig"} shows typical *T*(**r**) with about eight columnar defects plus many point defects. Despite the negligible impact on the superconducting *T*~C~, the local superconductivity as estimated using *F*(**r**) can be greatly affected ([Fig. 5B](#F5){ref-type="fig"}). Although this effect is pronounced at columnar defects, the point defects, when occurring at high density, also have strong effects on *F*(**r**). Then, from the field dependence studies ([Fig. 5C](#F5){ref-type="fig"}), we conclude that vortices are first very strongly pinned to the metallic core columnar defects where the spectral signature of superconductivity is eradicated. This number is fixed and represented in [Fig. 5D](#F5){ref-type="fig"} by about eight gray patches and in [Fig. 5E](#F5){ref-type="fig"} by gray components of the columns. At higher fields, observation of a strongly disordered vortex lattice appearing between the columnar defect sites indicates additional vortex pinning by clusters of point defects represented by orange circles in [Fig. 5D](#F5){ref-type="fig"} and orange components of the columns in [Fig. 5E](#F5){ref-type="fig"}. Finally, at highest fields, vortices begin to populate the areas of undamaged superconductivity and are therefore collectively pinned as shown as dark blue patches in [Fig. 5D](#F5){ref-type="fig"} and similar color components of the columns in [Fig. 5E](#F5){ref-type="fig"}. Thus, the evolution of vortex configurations in a single FOV (for example, [Fig. 4](#F4){ref-type="fig"}) can be understood as a sequence of these three pinning processes.

![Overview of vortex pinning sequence.\
(**A**) Constant current image *T*(**r**) taken on irradiated Fe(Se,Te), clearly showing the columnar defects and point defects. (**B**) *F*(**r**) in the same FOV as (A), illustrating the effect of the two types of defect on the superconducting tunneling signature. (**C**) Vortex image, *S*(**r**), taken at 3 T on the area of (A). (**D**) Color-coded breakdown of the interplay of irradiation-induced defects, suppression of the spectral signature of superconductivity, and vortex pinning. Note the overlap between vortices (blue) far away from columnar defects (gray) and point defects (orange). The vortex density is the area in percentage of the full FOV covered by the various features. (**E**) Histogram representing the relation between vortices, columnar defects, and point defects distributed in a random, mixed pinning landscape created by swift ion irradiation. Data in the histogram were obtained by analysis of the whole FOV depicted in [Fig. 4](#F4){ref-type="fig"}.](1500033-F5){#F5}

Overall, our studies reveal that a picture of vortices localized at damage tracks of the size of the coherence length in an otherwise unaffected superconductor is oversimplified. Instead, superconductivity is affected on a much larger scale, and a mixed pinning landscape is obtained where the strongest pinning occurs at the columnar defect sites, which, on average, are the size of the coherence length as evidenced by the vortex halos we observe around them, and secondary pinning at clusters of point-like defects. Our finding that the amorphous cores of the Fe(Se,Te) columnar defects are metallic is significant because such cores exhibit quite different pinning potentials compared to those that are insulating, due to the distinct influence of the superconducting proximity effect ([@R8], [@R9]). The discovery of such a complex mixed pinning landscape in high-energy ion irradiated Fe(Se,Te) is also important because such a situation suppresses detrimental "double-kink" vortex creep ([@R25], [@R26]), enabling even higher values for *J*~C~ than in a scenario with columnar defects alone. Moreover, the novel combination of techniques that we introduce for simultaneous visualization of defects and superconductivity and vortex configurations can greatly aid in predictive engineering of vortex matter in high-temperature superconductors. This is because, in the future, such measured spatial shapes and high energy--resolution spectral fingerprints of both vortices and heavy ion--induced defects, in combination with realistic multiband Bogoliubov-deGennes theory ([@R27]) representing the identical real electronic environment, will be able to yield quantitative microscopic input parameters for massive Ginzburg-Landau--type simulations of optimal vortex pinning. Finally, by using this same approach, one could also pursue similar objectives in other materials such as cuprate high-*T*~C~ superconductors.

MATERIALS AND METHODS
=====================

High-quality FeSe~0.45~Te~0.55~ single crystals were grown at Brookhaven National Laboratory. The samples were irradiated at room temperature at the Laboratori Nazionali di Legnaro of the Istituto Nazionale di Fisica Nucleare, Italy, using 249-MeV Au^17+^ ions with a fluence *N* = 1.93 × 10^15^ m^--2^. The beam current was 0.2 nA with a 0.56-cm^2^ spot ([@R28]). Magnetization measurements of both pristine and irradiated samples before insertion into the STM show a sharp transition with *T*~C~ = 14 ± 0.5 K (see section I of the Supplementary Materials for more details). The samples were mechanically cleaved in cryogenic ultrahigh vacuum at *T* \~20 K and directly inserted into the STM head at 4.2 K. Stable and etched atomically sharp tungsten tips with energy-independent density of states were used. Differential conductance measurements throughout used a standard lock-in amplifier. All topographic data shown were taken at *E* = −50 mV and *I* = 50 pA.
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Fig. S1. Magnetization and critical current density.

Fig. S2. Columnar and point defects in more detail.

Fig. S3. Crystal structure of the columnar defects.

Fig. S4. *F*(**r**) for pristine and irradiated Fe(Se,Te) compared.

Fig. S5. Effect of point defects on superconductivity.

Fig. S6. High-energy (normal-state) characteristics of damage.

Fig. S7. Vortex halos at columnar defects.
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